The purpose of this investigation was to examine the temporal changes in UCP-3 expression, as well as related adaptive changes in mitochondrial density and fast-toslow fiber type transitions during chronically-enhanced contractile activity. We examined the effects of 1-to 42-days of chronic low-frequency electrical stimulation (CLFS), applied to rat tibialis anterior (TA) for 10 h/day, on the expression of uncoupling protein-3 (UCP-3), and concomitant changes in myosin heavy chain (MHC) protein expression and increases in oxidative capacity. UCP-3 protein content increased from 1-to 12 days, reaching 1.5-fold over control (P < 0.0005); it remained elevated for up to 42 days.
INTRODUCTION
Uncoupling protein (UCP)-3 is a transmembrane carrier protein located on the inner mitochondrial membrane and is highly expressed in skeletal muscle (5) . Because of its high sequence homology with UCP-1, it has been proposed to regulate thermogenesis and contribute to the basal tissue metabolic rate by uncoupling the mitochondrial electrochemical H + gradient from ADP phosphorylation. In this regard, it has been estimated that UCP-3 activity may contribute as much as 50% of the resting metabolic rate (RMR) of skeletal muscle (43) and approximately 20% of the overall RMR of the rat (6). Indeed, UCP-3 expression at the mRNA level was shown to positively correlate with the resting metabolic rate and body composition in humans (27, 49) , and was up-regulated in man during a period of increased post-exercise oxygen consumption (44) .
It has also been proposed that UCP-3 is directly involved in the mitochondrial export of long-chain fatty acid anions as part of a futile cycle encompassing the two mitochondrial carnitine-palmitoyl transferases, as well as fatty acid synthase (17,41).
The role of this putative cycle is thought to be to maintain sufficient concentrations of free mitochondrial coenzyme A (CoASH) and NAD + , under conditions where fatty acid oxidation predominates, (e.g., (17)). Further evidence for a metabolic role may be derived from recent observations of transgenic mice expressing a high copy number of the human UCP-3 gene (hUCP-3) (8) . hUCP-3 mice exhibit lower fat mass, hyperphagia, increased fat combustion; they also display increased mitochondrial uncoupling, higher intramuscular temperatures, elevated O 2 uptake, and lower mitochondrial membrane potential. The latter has been proposed as an important basis for antioxidant defense (26) . Interestingly, UCP-3-deficient mice are highly coupled (13, 54) , display greater efficiency of ATP production, increases in the ATP/ADP ratio, impaired whole body fat combustion, and enhanced generation of reactive oxygen species (ROS) (3, 54) .
Recently, it has been argued (12) that "mild uncoupling" associated with physiological levels of UCP-3 is more indicative of a role in antioxidant defense of the mitochondrial matrix. Even modest increases in UCP-3 content significantly lower the concentration of ROS by mitochondria (26) . Finally, greater ROS production (7, 54) , lower proton conductance (13, 54) and greater oxidative damage (7) were observed in mitochondria of UCP3 knockout mice that also displayed unaltered body weights, respiration rates or themoregulatory properties (13, 54) . The large increases in ROS production associated with exercise and electrical stimulation (2, 22, 25) might, therefore, indicate that greater UCP3 expression is an important adaptive response leading to improved antioxidant defense.
In a preliminary presentation of data reported in the present paper we showed that UCP-3 protein content increased in proportion to mitochondrial biogenesis in response to 10-days of chronic low-frequency stimulation (CLFS) (39) . Our findings were confirmed by Jones et al. (24) who reported that UCP-3 protein content increased in parallel with mitochondrial biogenesis induced by one, three and ten days of swimming exercise. However, UCP-3 mRNA content declined and was thus not strictly correlated to the changes observed at the protein level. Similarly, long-term single endpoint exercise training studies reported UCP-3 mRNA expression remained unchanged (9) or even decreased (4,45).
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The purpose of this investigation was to extend the findings of previous exercise studies by investigating the comprehensive time course for contraction-induced changes in UCP-3 protein and mRNA expression, as related to changes in mitochondrial density and associated fast-to-slow fiber type transitions. CLFS was chosen over exercise training because it is the most suitable regime for studying timedependent changes of muscle in response to enhanced contractile activity (34, 35) . We hypothesized that UCP-3 expression would increase in parallel with mitochondrial biogenesis and correspond to the emergence of highly oxidative type IIA fibers. CLFS was applied for 1 to 42 days; UCP-3 expression was examined at the mRNA level by
RT-PCR and at the protein level by immunoblot analysis. The activities of reference enzymes of the citric acid cycle (citrate synthase), fatty acid oxidation (3-hydoxyacylCoA dehydrogenase), and glycolysis (glyceraldehydephosphate dehydrogenase) were determined in order to establish adaptive changes in mitochondrial density and anaerobic metabolic capacity, respectively (15, 18, 19, 33, 40) . Coordinate examination of the myosin heavy chain content also made it possible to relate changes in UCP-3 expression with fiber type transitions. muscles was performed as previously described (50) . Briefly, bipolar electrodes were implanted under general anesthesia lateral to the peroneal nerve of the left hindlimb.
The electrodes were externalized at the animal's back and connected to a small, portable stimulator. To allow complete wound healing and recovery, CLFS (10 Hz, impulse width 0.380 s, 10 h/day) was started 7 days later. In the case of the shamoperated group (n=10), the unstimulated muscles were collected 8 days after electrode implantation. CLFS was applied for 1 day (n=11), 5 0.6 days (n=10), 12 0.6 days (n=12), 24 1.3 days (n=11) or 42-days (n=8). The 1-day stimulated muscles were collected within 3-4 hr after cessation of CLFS. Muscles from the remaining conditions were collected 14-18 hr after completing CLFS; animals were euthanized and the TA muscles from both the stimulated (left) and contralateral control (right) legs were UCP-3 and -Actin mRNA Determination. UCP-3 mRNA expression was quantified according to (38) . Briefly, muscles were powdered under liquid nitrogen, total RNA was extracted, and the concentration and purity were determined at A 260 and A 280 .
Reverse transcription was performed for 1 h at 37 C using 1 l of total RNA, diluted to 1 g per l, and oligo (dT 15 using Taq DNA polymerase (Sigma-Aldrich). Linearity was confirmed for both the UCP-3 and -actin assays between 15 and 35 cycles, and between 0.2 g and 2 g of total RNA. Therefore, 28 cycles was used for each assay; conditions were similar to those previously reported (10, 32) . The resulting UCP-3 and the corresponding -actin amplicons for each sample were separated on 2% agarose gels in neighboring lanes for quantitative analyses. For ease of comparison UCP-3 and -actin amplicons generated from representative samples are shown here after resolution within the same lane (Fig.   3A ). Amplicon size was confirmed by comparing to a 100 bp DNA Ladder (Invitrogen Life Technologies, Burlington, ON, Canada). All samples were analyzed in triplicate.
Gels were stained with ethidium bromide and evaluated using GeneSnap and 
RESULTS

Activities of Cytosolic and Mitochondrial Reference Enzymes.
In agreement with previous observations (50), the cytosolic GAPDH activity progressively decreased throughout the stimulation period, reaching approximately 50% of the control after 42
days, but was still ~2-fold greater than in soleus (Fig. 1A) . 1-and 5-days of CLFS were associated with approximate 30% reductions in basal GAPDH activity, although CLFS was without effect on GAPDH at those time points. In contrast, the mitochondrial CS and HADH activities progressively increased throughout the 42-day stimulation period 
Changes in UCP-3 Content in Relation to Mitochondrial Reference
Enzymes. A comparison of the increases in UCP-3 protein content relative to the progressive and much larger increases in citrate synthase activity is shown in Fig. 2C .
The increase in UCP-3 protein was proportional to increases in the activities of the CS only during the early phase of CLFS (i.e., up to 12-days of CLFS), whereas its relative (Fig. 2C) . The same results were observed when changes in UCP-3 were expressed relative to the change in HADH activity. These changes were accompanied by continuous reductions in UCP-3 mRNA content that were lower than control TA and soleus after 42 days (see below).
Effects of CLFS on UCP-3 mRNA Levels. Sham operated TA muscles did not differ from their respective contralateral controls (P > 0.69) or from contralateral control muscles of the 1-, 12-, 24 or 42-day groups (P > 0.57) (Fig. 3A and B) . UCP-3 mRNA levels were 20% lower in stimulated TA muscles after 1-day compared to contralateral control muscles (P = 0.10). When this time point was analyzed individually using a Student's t-test the 20% decrease was significant (P < 0.001). Thereafter, CLFS induced a progressive decrease in UCP-3 mRNA expression, reaching a level after 42-days that was 2.47-fold lower than the contralateral control TA muscles (P < 0.0007) and 1.88-fold lower than control soleus (P < 0.05). A sharp elevation in UCP-3 mRNA expression was noted in the contralateral control muscles of the 5-day group (P < 0.0005) (Figs. 3A and B) . Expression was 25% lower in normal soleus compared with unstimulated TA muscles from the sham group and from the contralateral control muscles of the 1-, 12-, 24-day groups (P < 0.05).
Effect of CLFS on Myosin Heavy Chain Isoforms.
In agreement with previous studies (21) of fast-twitch rat muscles, CLFS applied for up to 42 days induced transitions toward slower MHC isoforms (Fig. 4) . A comparison of the 24-and 42-day 
DISCUSSION
In the present study, CLFS was chosen to investigate effects of enhanced contractile activity on the expression of UCP-3 at the mRNA and protein levels. CLFS activates all motor units of the target muscle and thus reveals the full physiological adaptive potential of skeletal muscle fibers (34, 35) . In this regard, CLFS is comparable to classical exercise training resulting in qualitatively similar, but quantitatively greater, adaptive responses. CLFS also has the advantage over exercise training of being more reproducible, by ensuring each animal completes the same amount of contractile work, and allowing simultaneous investigation of the unstimulated contralateral muscle as an internal control.
UCP-3 mRNA, UCP-3 Protein and Mitochondrial Enzyme Activities
Short-Term Training. The short-term adaptive responses to CLFS (i.e., 1-to 12-days) are in agreement with a previous investigation by Jones et al. (24) who reported that UCP-3 protein expression increased in proportion to the increase in mitochondrial density in rat muscles during 10-days of swimming exercise. Unlike that study, however, we did not observe an acute increase in UCP-3 mRNA or protein after 1-day of CLFS, even though our samples were collected within a time frame when increases in plasma These observations point to the highly myogenic nature of the CLFS stimulus and argue against a major regulatory role by systemic factors. This is further emphasized when the size of the stimulated muscle group is considered in relation to the total muscle mass, especially when compared to the muscle mass involved in exercise training. The CLFS model activates the TA, extensor digitorum longus and the very small peroneus tertius muscles of the left hindlimb, which collectively have a mass of ~1.2 grams in a 400 gram rat. Assuming that the total muscle mass corresponds to ~40% of the total body weight (i.e., 160 grams of muscle), the target muscles represent less than 1% of the total muscle mass, which seems to be insufficient to evoke systemic changes, such as increases in plasma free fatty acids, to effect changes in UCP-3 protein expression.
Furthermore, the animals examined in the present investigation were free of stress and displayed normal patterns of feeding and weight gain.
Long-Term Training. Longitudinal end-point studies that investigated the effects of exercise training regimes on UCP-3 expression initially focused exclusively on changes in mRNA. Boss et al. (4) observed lower UCP-3 mRNA in the TA and soleus muscles of rats after 8-weeks of treadmill running. In contrast, it was subsequently reported that 9-weeks of voluntary wheel running did not alter UCP-3 mRNA levels in the same species (9) or in response to 6-weeks of endurance training in man (52) . More recently it was reported that UCP-3 protein content was lower in the vastus muscles of endurance-trained cyclists than in untrained controls (46) , and that immunofluorescent UCP-3 staining intensity and UCP-3 mRNA levels were lower in all fiber types after 6-weeks of exercise training in man (45) . Collectively, these studies show unaltered or reduced levels of UCP-3 mRNA under conditions known to induce mitochondriogenesis.
According to our results, long-term CLFS (i.e., 24-to 42-days) resulted in absolute increases in UCP-3 protein content in whole muscle homogenates but obviously lower mitochondrial UCP-3 content (see results section). These changes were accompanied by continuous reductions in UCP-3 mRNA. In this regard, the adaptive changes to UCP-3 protein and mRNA expression levels with long-term CLFS are qualitatively similar to recent exercise training studies in man (e.g., (45, 46) ). However, the proportionally greater decline in UCP-3 mRNA compared to UCP-3 protein expression, relative to mitochondrial marker enzyme activities, points to a persistent element of post-translational regulation. Thus, differences in the findings of our investigation and previous exercise studies appear to be accounted for by the Putman et al.
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18 comparatively greater increase in mitochondrial content induced by the unique pattern of myogenic stimuli imposed by CLFS. Although changes in mitochondrial volume were not directly examined by previous exercise studies, the less extensive fast-to-slow fiber type transitions induced by exercise training protocols of similar duration (e.g., (45, 46) ) indicates that coordinate changes in mitochondrial density were also small.
Fiber Type Expression of UCP-3
CLFS not only induces increases in mitochondrial density but also leads to shifts in myofibrillar protein isoforms (34) in the slow direction with transitions from type-IIB to type-IIA fibers by 24-days. Thus, coordinate changes in metabolic enzyme activities and MHC isoforms point to a growing population of highly "oxidative" fibers expressing MHCIIa after prolonged exposure to CLFS. These temporally related changes are relevant with regard to the limited data on the fiber type distribution of UCP-3 and the corresponding adaptive changes associated with muscle training. Russell et al. (45) reported that UCP-3 protein content in human vastus lateralis muscle was greatest within the IID/X fibers, intermediate in IIA fibers and lowest in the type I fibers, and that 42-days of exercise training resulted in lower content in all fiber types. In the present study, however, the greatest increase in UCP-3 protein (i.e., 12-and 24-days) coincided with the emergence of a population of highly oxidative IIA fibers.
Biochemical Implications of Changes in UCP-3
Although the present study did not examine the functional impact of absolute or relative changes on UCP-3 protein expression, it is interesting to note that while the reductions in UCP-3 protein relative to increases in mitochondrial density after long-term increases during contractile activity ranging in intensity from submaximal to maximal (e.g., (14, 23, 37) ). The decline in UCP-3 expression observed in human (45, 46) and rodent (4) studies further argues against this possibility. As the capacity to oxidize fatty acids increases with training, one would predict an increase per mitochondrial unit rather than a decrease. Exercise and CLFS are known to generate substantial amounts of ROS causing oxidative damage (22, 25) . The expression of the antioxidant enzymes mSOD, catalase and glutathione peroxidase has been shown to be elevated in response to exercise training and to display fiber type specific patterns of expression, being highest in type-I fibers and successively less in type-IIA and type-IIB fibers, respectively (for review see (22) ). Coincidentally, this corresponds to the inverse pattern of UCP-3 expression within the various fiber types (46) and in response to muscle training (45, 46) . These Additionally, mitochondria that formed early in response to CLFS were probably concentrated within the transforming IID(X) and IIB fiber populations, which were presumably the greatest source of ROS production.
Summary
In summary, absolute UCP-3 protein content of rat TA muscle peaked after 12-days of CLFS and was sustained at the higher absolute level throughout the 42-day study period. However, the relative mitochondrial concentration of UCP-3 protein was lower after prolonged CLFS and corresponded to the observed decrease in UCP-3 mRNA expression levels. The major adaptive stimulus associated with overall increases in UCP-3 protein expression in response to CLFS seems to be myogenic in nature and to encompass post-translational mechanisms. As judged from parallel changes in the pattern of MHC isoforms and comparative measures of UCP-3 protein and mRNA levels in soleus muscle, these changes coincided with the process of fiber type transition from fast type-IIB and -IID(X) to slower and highly oxidative type-IIA fibers. Figure 1 . 
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